Type II NaPi cotransporters are expressed in the apical membrane of Pi-(re)absorbing epithelia: the type IIa in renal proximal tubule and the type IIb in small intestine. Parathyroid hormone (PTH) leads to a retrieval from the apical membrane of the type IIa NaPi cotransporter. The type IIa cotransporter is also expressed in opossum kidney (OK) cells, and its expression is under the control of PTH. In the present study, we identified the molecular ''domains'' involved in the PTH-induced retrieval of the type IIa NaPi cotransporter. Wild-type mouse type IIa (mIIa) and type IIb (mIIb) as well as several mIIa-mIIb chimeras and site-directed mutants were fused to the enhanced green fluorescent protein and transfected into OK cells. We found that mIIa but not mIIb was internalized and degraded after incubation with 1-34 (or 3-34) PTH. Using chimeras, we found that the N and C termini were not required in this effect, whereas a ''domain'' located between residues 216 and 658 seemed to be necessary. This region contains two putative intracellular loops with highly conserved sequences between mIIa and mIIb; in the last intracellular loop, two charged amino acids of type IIa (K 503R504) are replaced by uncharged residues in type IIb (N520I521). We generated two mutants in which these residues were interchanged: mIIaNI and mIIbKR. Similarly to mIIa, the mIIbKR mutant was endocytosed in response to 1-34 PTH; in contrast, mIIaNI behaved as mIIb and was not internalized. In conclusion, a dibasic amino acid motif (K 503R504) located in the last intracellular loop of the type IIa NaPi cotransporter is essential for its PTH-induced retrieval.
R
egulated P i reabsorption in the renal proximal tubule is an important element in overall P i homeostasis. Its rate is mainly controlled by the amount of type IIa NaPi cotransporters expressed in the brush-border membrane of proximal tubular cells (1) (2) (3) (4) .
Parathyroid hormone (PTH) is the main phosphaturic hormone (5) . PTH exerts its effect by an inhibition of proximal tubular brush-border NaPi cotransport associated with a membrane retrieval and lysosomal degradation of type IIa NaPi cotransporters (4, (6) (7) (8) (9) . These PTH-induced regulations are retained in cultured opossum kidney (OK) cells for both the endogenous (NaPi-4) and the transfected rat (NaPi-2) type IIa NaPi cotransporter (10) (11) (12) (13) (14) . In proximal tubules and in OK cells, two signaling pathways are involved in PTH-induced downregulation of P i transport and of type IIa NaPi cotransporter: protein kinase A and protein kinase C (15) (16) (17) (18) (19) . The mechanisms by which these kinase activities affect the cotransporter are not known.
The small intestinal brush-border membrane contains the type IIb NaPi cotransporter, identified in a procedure based on homology to IIa (20) . Type IIa and type IIb NaPi cotransporters differ in several properties such as tissue distribution (20) (21) (22) , pH sensitivity (1, 20, 23) , and Na ϩ and P i kinetics (1, 20, 24) . Type IIa and type IIb NaPi cotransporters are differently regulated; the type IIa NaPi cotransporter shows a ''dual'' regulatory behavior, involving either fast de novo synthesisindependent (e.g., PTH and other peptide hormones; acute change in P i intake) and͞or slow mechanisms, which may require de novo synthesis of the transporter (e.g., growth factors) (4, 8) .
Less is known about regulation of the type IIb NaPi cotransporter. Recently, it was shown that its brush-border expression in rat duodenum is increased under conditions of chronic P i deprivation and͞or increased levels of 1,25-(OH) 2 vitamin D 3 (25) . Rapid regulation involving fast membrane retrieval͞insertion seems not to occur for the type IIb.
The renal type IIa and the small intestinal type IIb are about 75% homologous (20) and are suggested to have a similar topological structure including 8 to 10 transmembrane domains with cytoplasmic N-and C-terminal tails (26, 27) . Major sequence differences between type IIa and type IIb cotransporters are located in the N and the C termini (20) . The homology between type IIa and type IIb NaPi cotransporters offers the possibility to identify molecular ''domains'' within the two transporters potentially associated with the isoform-specific regulatory behavior. In the present study, we show that the type IIa but not the type IIb NaPi cotransporter transfected into OK cells is internalized and degraded upon treatment with PTH (analogues 1-34 and 3-34). Chimera constructions and subsequent site-directed mutagenesis indicated that the membrane retrieval of the type IIa transporter involves sequences within the putative last intracellular loop, notably two charged amino acids (K 503 R 504 ) present in type IIa but not in type IIb.
Materials and Methods
Materials. Fugene was obtained from Boehringer Mannheim, PTH peptides (1-34 and 3-34) and 1.4-diazabicyclo-(2.2.2) octane from Sigma, pEGFP-C1 vector from CLONTECH, and oligonucleotides from Microsynth (Balgach).
Mutagenesis. NaPi-pEGFP constructs. Mouse type IIa (mIIa) and type IIb (mIIb) NaPi cotransporters were fused to the C terminus of the enhanced green fluorescent protein (EGFP) by inserting their cDNAs into the pEGFP-C1 vector. For this purpose, new restriction sites were introduced by PCR at the 5Ј-end and 3Ј-end of both cDNAs: BglII-SacII for mIIa and SacI-SalI for mIIb. The cDNAs as well as the pEGFP plasmid were digested with the respective enzymes and ligated to generate the NaPi-pEGFP constructs.
mIIa-mIIb and mIIb-mIIa chimeras. Several chimeras containing different portions of mIIa and mIIb were constructed (Fig. 1) . To generate the mIIaN-mIIb and mIIbN-mIIa chimeras, an SpeI site was introduced by PCR into mIIa-and mIIb-pEGFP at position Abbreviations: OK, opossum kidney; wt, wild type; EGFP, enhanced green fluorescent protein; PTH, parathyroid hormone.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.220394197. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.220394197 216 and 213, respectively. The mutated plasmids were digested with SpeI and SacII. Each digestion generated two fragments. Both fragments were purified, and the mIIaN-mIIb and mIIbNmIIa chimeras were constructed by interchanging the SpeI-SacII fragments. Similar procedures were followed to generate the mIIa-mIIbCT and mIIb-mIIaCT constructs (Fig. 1) . In both cases, an SpeI site was introduced at positions 556 and 573 of the mIIa-and mIIb-pEGFP, respectively. All PCR reactions were carried out in the presence of complementary sense and antisense primers that contained the new restriction site in the middle of their sequences.
mIIaNI, mIIbKR, mIIbN, and mIIbN-mIIaCT mutants. All mutants were generated by PCR using complementary sense and antisense primers and mIIa-, mIIb-pEGFP, or the mIIb-mIIaCT chimeras as templates. In the mIIaNI mutant, we replaced the residues K 503 R 504 by NI; in the mIIbKR mutant, the residues N 520 I 521 were substituted by KR; in the mIIbN and mIIbNmIIaCT mutants, the residue G 388 was replaced by N.
All mutations were confirmed by sequencing, and two independent clones from each construct were used for the experiments.
Cell Culture and Transient Transfections. OK cells were plated in 35-mm plastic dishes and maintained in the appropriate medium (28) . Cultures at subconfluence were transfected with 3 l of Fugene and 1-g plasmids according to the manufacturer's instructions. Occasionally (e.g., for the transport experiments), cells were also transfected with Lipofectamine. All experiments were carried out with confluent cells 2 or 3 days after transfection. Four to ten independent experiments were performed on transiently transfected cells. We should emphasize that several attempts to obtain stably transfected cell lines expressing the EGFP-fused cotransporter have failed, although it was previously possible to establish cell lines containing the wild-type NaPi-2 cotransporter (10).
PTH Experiments. Cultures of transfected OK cells were maintained at 37°C. The medium was changed 2 h prior to the experiment. Using a fluorescence microscope, living green fluorescent cells expressing either the wild type (wt) or the chimeric and mutated cotransporters were selected before the treatment. PTH peptides or vehicle (H 2 O) were then added to the cell medium as described previously (28) . After 2 and 4 h of incubation at 37°C, the same selected cells were identified again, and the pattern of expression of the different cotransporters was compared with that before treatment. Four to ten experiments were carried out for each condition.
Confocal Microscopy Analysis. OK cells were plated on glass coverslips and transfected as described above. After confluence, they were fixed in 3% paraformaldehyde and permeabilized with 0.1% saponine as described (11) . They were then incubated 30 min in the presence of phalloidine-Texas Red to stain the actin. The coverslips were mounted using Dako-glycerol containing 2.5% 1.4-diazabicyclo-(2.2.2) octane. Confocal images were taken using a Leica TCSSP (Wetzlar, Germany) laser scan microscope equipped with a 63ϫ oil immersion objective.
Phosphate Transport Measurements. Sodium-dependent uptake of phosphate was measured in cells grown to confluency 2-3 days after transfection, as previously described (29) .
Results and Discussion
Opossum kidney cells retain the proximal tubular characteristics of PTH-induced regulation of brush-border membrane NaPi cotransport, associated with membrane retrieval and lysosomal degradation of type IIa NaPi cotransporters (10, 11, (16) (17) (18) (30) (31) (32) (33) . As a similar regulatory behavior was observed for the intrinsic (NaPi-4) and transfected (NaPi-2) transporter (10, 11, 14, 19) , OK cells represent an ideal in vitro system to study molecular determinants responsible for PTH-induced downregulation of the type IIa NaPi cotransporter.
Expression of the Chimeric and Mutated Cotransporters in OK Cells.
Wild type as well as chimeric and mutated NaPi cotransporters were fused to EGFP and transiently expressed in OK cells. We have previously shown that EGFP-fused wt cotransporters are fluorescent proteins correctly expressed in the apical membrane of OK cells. Their proper apical location can be identified by the appearance of fluorescence ''patches'' (refs. 34 and 35; Fig. 2 ). As shown by confocal microscopy (Fig. 2) , all constructs used in the present study also exhibited ''patches'' of EGFP fluorescence that localized to the microvilli of OK cells. There was no difference among the expression pattern of wt mIIa, wt mIIb, and the different chimera and mutated cotransporters, indicating that all of these alterations did not interfere with the basic expression pattern. Only a few percent of cells were transfected to an extend resulting in clearly visible apical patches (data not shown). Parallel transport experiments on cells transfected with EGFP-fused type IIa or type IIb cotransporters resulted in an increase in NaPi cotransport activity as compared with nontransfected cells (about 1.5 and 4 times, respectively; data not shown). This increase was highly variable from transfection to transfection, which is explained by a variable proportion of transfected vs. nontransfected cells (see above). Although this variability precluded analysis of the PTH effect with the different constructs, it indicated that the EGFP-fused constructs are functionally active when expressed in OK cells. Thus, the analysis was entirely based on the morphological analysis of the same cells prior and after exposure to PTH, i.e., on the apical expression of the type IIa NaPi cotransporter. From previous expression on proximal tubules and on OK cells, we reached the conclusion that apical expression of this transporter crucially determines brush-border͞apical NaPi cotransport activity (see Introduction and below).
Effect of PTH on wt Type IIa and wt Type IIb NaPi Cotransporters. The PTH fragments 1-34 and 3-34 lead to inhibition of OK-cell NaPi cotransport associated with internalization and lysosomal degradation of the transporter protein (10, 11, 18) . The maximal effect induced by 3-34 PTH is about 50% of that induced by 1-34 PTH (16-18) . Also, transiently transfected EGFP-coupled rat type IIa is internalized upon treatment of OK cells with 1-34 PTH (14) . Fig. 3 shows that EGFP-coupled mIIa (Fig. 3A) but not mIIb (Fig. 3B) is internalized upon treatment with 1-34 PTH; also, 3-34 PTH led to a retrieval of mIIa but not of mIIb from the apical surface, although as expected (see above) the effect on mIIa was less efficient (Fig. 3A) .
Regulation of mIIa-mIIb Chimeras by 1-34 PTH.
The above observations on the differential PTH-induced internalization of the homologous (75%) type IIa and type IIb isoforms (Fig. 3) offered the possibility to identify structural ''domains'' (motifs) potentially involved in these effects.
For the regulation of different transporters, channels, and receptors, specific roles of domains located in cytoplasmic tails have been suggested (36) (37) (38) (39) (40) (41) (42) (43) . As the cytoplasmic N-and Ctermini of type IIa and IIb cotransporters show little homology (20) , we first investigated their involvement in the PTH regulation of the type IIa transporter.
We generated several chimeras in which either the N terminus (mIIaN-mIIb, mIIbN-mIIa) or the C terminus (mIIa-mIIbCT, mIIb-mIIaCT) of mIIa and mIIb was interchanged ( Figs. 1 and  2) , and we studied their apical expression after 1-34 PTH treatment. Whereas mIIa was internalized and degraded after 2 h of incubation with 10 Ϫ8 M 1-34 PTH, neither the mIIaNmIIb nor the mIIb-mIIaCT chimera was affected after 2 h (Fig.  4 ) or 4 h of PTH treatment (not shown). However, the mIIamIIbCT and mIIbN-mIIa chimeras were still totally removed from the apical membrane after 2 h of treatment with PTH 1-34 (Fig. 4) . These experiments indicated that the N-terminal tail, the putative first intracellular loop, and the associated transmembrane domains as well as the C-terminal tail are not involved in the PTH-induced internalization and͞or degradation of type IIa NaPi cotransporter. Therefore, the residual part (amino acids 216 to 558), suggested to contain at least two putative intracellular loops (26) , must contain the domain(s) involved in the observed PTH effect.
K503R504 Residues Are
Crucial for Type IIa PTH-Induced Down-Regulation. The above-mentioned intracellular loops are highly conserved between IIa and IIb cotransporters with only a few different amino acids (20) . In one loop (K 369 -W 397 ), only an uncharged amino acid (N 372 ) present in type IIa is replaced by a charged amino acid (G 388 ) in type IIb; in the last loop (W 486 -W 511 ), two charged amino acids (K 503 R 504 ) present in type IIa are replaced by uncharged residues (N 520 I 521 ) in type IIb (Fig.  5) . The specific role of these amino acids in PTH-dependent internalization was analyzed by site-directed mutagenesis.
Mutation of the residue G 388 to N in mIIb as well as in the mIIb-mIIaCT chimera did not alter the cotransporter insensitivity after 2 h (Fig. 6) or after 4 h PTH treatment (data not shown). These data eliminated a role of this residue (N) in the PTH-induced down-regulation. In view of the data to be described below, we have not performed the mutation of N 383 to G in the mIIa as well as in the corresponding mIIa-mIIbCT chimera, but we assume that such mutations would not have affected the PTH sensitivity of these EGFP constructs.
Two other mutants were generated, mIIaNI and mIIbKR, in which the specific residues in the last intracellular loop of type IIa (K 503 R 504 ) and type IIb (N 520 I 521 ) were interchanged. As shown in Fig. 7 , the mIIbKR mutant behaved similarly to mIIa and was internalized and degraded after 2 h of incubation with 1-34 PTH. On the contrary, mIIaNI behaved like mIIb and was not sensitive to PTH treatment after 2 h (Fig. 7 ) or 4 h (data not shown). These data indicated that residues K 503 R 504 play an essential role in the PTH-induced down-regulation of type IIa NaPi cotransporter.
The K 503 R 504 residues of the type IIa NaPi cotransporter are located just upstream of a consensus site for protein kinase C phosphorylation (S͞TXK͞R, where X is any amino acid; Fig. 5 ). This site is present in both type IIa and type IIb (T 505 AK for IIa and S 522 AK for IIb). In the type IIa transporter, such nearby phosphorylation͞dephosphorylation could lead to an activation͞inactivation of the KR motif. On the other hand, the charged amino acids (KR) in IIa could modify an interaction of the kinase with this phosphorylation site. A specific phosphorylation of the type IIa protein could again modify its accessibility to the endocytotic machinery, e.g., also involving interacting proteins, similar to the kinase-mediated regulation of NHE-3 (44) (45) (46) (47) . To address the potential role of this phosphorylation site in PTH-dependent internalization of type IIa cotransporter, two mutants were generated in which either the T 505 on mIIa or the S 522 on mIIb were replaced by A (mIIaT 505 A and mIIbS 522 A). As shown in Fig. 7 , none of these mutations had an effect on the PTH response. In agreement with this observation, removal of all protein kinase C sites on the rat IIa was unable to prevent the protein kinase C-dependent effect when tested in the Xenopus laevis oocytes system (48, 49) .
In different cellular systems and for different membrane proteins, endosomal and lysosomal targeting is mediated via specific signals as di-leucine and tyrosine motifs (50) . Type II NaPi cotransporters contain also such motifs; however, removal of all di-leucine or tyrosine motifs present in rat type IIa did not prevent the PTH internalization of this cotransporter (14) , suggesting alternative mediating signals (motifs). The identified K 503 R 504 (or RR for NaPi-4; ref. 51) could represent a novel internalization motif, at least for the PTH-induced regulation of the type IIa NaPi cotransporter in the OK cell system.
PTH-induced regulation of the type IIa may involve one or multiple regulatory proteins interacting with the cotransporter. In this case, K 503 R 504 could mediate in part this interaction. Similar to the regulation of the epithelial Na͞H exchanger, such interaction might be required for kinasemediated effects (44 -47, 52) and͞or for directing the transporter to the endocytotic machinery. Thus, proteins interacting with the last intracellular loop of IIa containing the KR need to be identified. Such interactions might then be controlled by PTH-induced phosphorylation reactions also at the level of the interacting proteins. Using a two-hybrid screen, we have recently found that the C terminus of type IIa interacts with several proteins via PDZ domains (53) . On the basis of the present data, there is, however, no evidence for an involvement of the C terminus in the PTH-induced down-regulation.
In conclusion, we have shown that type IIa and type IIb NaPi cotransporters differ in their sensitivity to PTH. In type IIa, the PTH-induced endocytosis involves two charged amino acids K 503 R 504 located in the putative last intracellular loop of the cotransporter. Sequences in the cytoplasmic N-and C-terminal as well as in other intracellular loops are not involved in the PTH effect.
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